Sabuhi R, Asghar M, Hussain T. Inhibition of NAD(P)H oxidase potentiates AT2 receptor agonist-induced natriuresis in Sprague-Dawley rats. Am J Physiol Renal Physiol 299: F815-F820, 2010. First published July 28, 2010 doi:10.1152/ajprenal.00310.2010.-A positive association between renin-angiotensin system, especially AT1 receptor, and oxidative stress in the pathogenesis of hypertension and cardiovascular/renal diseases has been suggested. However, the role of oxidative stress, especially superoxide radicals in renal sodium handling in response to AT1 and AT2 receptors, is not known. Therefore, the present study was designed to investigate the role of NAD(P)H oxidase (NOX), a major superoxide radical producing enzyme, in AT1 and AT2 receptor function on natriuresis/diuresis in Sprague-Dawley rats. The rats under anesthesia were intravenously infused with NOX inhibitor apocynin (3.5 g·kg Ϫ1 ·min Ϫ1 ), the AT1 receptor antagonist candesartan (100 g/kg; bolus), and the AT2 receptor agonist CGP-42112A (1 g·kg Ϫ1 ·min Ϫ1 ) alone and in combinations. Candesartan alone significantly increased urinary flow (UF; l/30 min) by 53 and urinary Na excretion (U NaV; mol/min) by 0.4 over basal. Preinfusion of apocynin had no effect on the net increase in UF or U NaV in response to candesartan. On the other hand, apocynin preinfusion caused profound increases in CGP-42112A-induced UF by 72, U NaV by 1.14, and fractional excretion of Na by 7.8. Apocynin and CGP-42112A alone did not cause significant increase in UF or UNaV over the basal. CGP-42112A infusion in the presence of apocynin increased urinary nitrite/nitrates and cGMP over basal. The infusion of candesartan, apocynin, and CGP-42112A alone or in combinations had no effect on the blood pressure or the glomerular filtration rate, suggesting tubular effects on natriuresis/ diuresis. The data suggest that NOX may have an antagonistic role in AT2 receptor-mediated natriuresis/diuresis possibly via neutralizing nitric oxide and thereby influence fluid-Na homeostasis.
INCREASED OXIDATIVE STRESS is one of the contributing factors in the development of hypertension and cardiovascular/renal diseases (1, 6) . However, several studies suggest that under physiological conditions, basal level of reactive oxygen species (ROS) plays an important role in normal functioning of organs and cells such as maintaining vascular tone, cell growth, and renal Na homeostasis (4, 8, 18 ). NAD(P)H oxidase (NOX) is a component of cellular oxidative stress machinery, which produces superoxide radicals (7) . Studies suggest that prolonged low-dose angiotensin II (ANG II) infusion possibly via stimulation of ANG II type 1 (AT1) receptors causes increase in the NOX expression and activity in kidney cortex (3, 10, 25) . However, the functional end point due to the cross talk between NOX and ANG II receptors, AT1 and AT2 receptors, in normal physiological condition is yet to be determined.
It is well-documented that renal AT1 receptors via activation of renal Na transporters produce antinatriuretic effects and thus play a major role in maintaining renal Na/fluid homeostasis (12, 13) . On the other hand, considerable evidence suggests that AT2 receptors exert natriuretic effect and thus influence the renal Na/fluid homeostasis (2) . Both the AT1 and AT2 receptors are expressed in various nephron segments with maximal density in the proximal tubules, the site of highest Na reabsorption. Inasmuch as oxidative stress is implicated in renal Na homeostasis (18, 34) , the role/effect of renal AT1 and AT2 receptors on the NOX or vice versa in terms of Na handling is not known. Therefore, the aim of our study was to determine whether NOX activity affects the natriuretic/antinatriuretic functions of ANG II receptors in Sprague-Dawley (SD) rats. We found that while there seems to be no interaction between NOX and AT1 receptor, NOX serves a potent inhibitor of AT2 receptor function on natriuresis and diuresis.
METHODS
Animal model. Male SD rats (Harlan, Indianapolis, IN) weighing 250 -310 g were used in the present study. The animals were housed in the University of Houston animal care facility and were maintained on standard rat chow and water ad libitum. The Institutional Animal Use and Care Committee approved the experimental protocols.
Experimental protocols. The surgical procedure was performed as described earlier (12, 30) . Briefly, rats were anesthetized using Inactin (100 mg/kg body wt ip). Tracheotomy was performed to facilitate breathing. The left carotid artery and jugular vein were catheterized for measurement of blood pressure and saline/drug infusion, respectively. The left ureter was cannulated for urine collection. After 1 h of stabilization period, urine was collected at 30-min intervals. The first two collections were considered as basal. Thereafter, the AT1 receptor antagonist candesartan (100 g/kg, bolus dose), NOX inhibitor apocynin (3.5 g·kg Ϫ1 ·min Ϫ1 ), and AT2 receptor agonist CGP-42112 (1 g·kg Ϫ1 ·min Ϫ1 ) alone or in combinations were intravenously infused. After the drug delivery, two more collections of urine were obtained at 30-min intervals each. The different protocols used in the experiment are shown in Fig. 1 . Blood samples were collected at the end of each urine collection and stored in EDTA-coated tubes. Blood pressure and heart rate were recorded throughout the experimental period.
Renal function. Urine collected for each collection period was measured to determine the urine flow rate (UF). Urinary Na concentration (mmol/l) was calculated using Flame photometer 480 (Ciba Corning Diagnostics, Norwood, MA). The UF and urinary Na concentration were used to compute the urinary Na volume (U NaV). Glomerular filtration rate (GFR; ml/min) was computed from creatinine clearance (mg/dl), which was measured by Creatinine Assay Kit (BioVision, Mountain View, CA). Fractional excretion of Na (FE Na%) was computed using UNaV, plasma Na volume, and GFR as reported (12) .
Total urinary nitrite/nitrates. Total nitrite/nitrate in the urine samples was determined as a measure of nitric oxide (NO) production at baseline and during infusion of apocynin, CGP-42112A alone, or in combination. The values are represented as nmoles per minute. We followed the kit-described protocol. Briefly, urine was diluted 10-fold and a volume of 50 l/well was used for the assay. Reconstituted NADH reagent and nitrate reductase (25 l of each) were added to all wells. Plate was incubated for 30 min at 37°C followed by addition of 50 l each of Griess reagent I and II. Plate was incubated again for 10 min at room temperature. Optical density was determined using a microplate reader at 540 nm.
Urinary cGMP levels. Total cGMP level in urine was determined by using an ELISA kit. Briefly, 100 l of standard/sample were added to appropriate wells. Fifty microliters of cGMP conjugate and 50 l of primary antibody were added to each well and the plate was incubated at room temperature for 3 h. After incubation, content of each well was aspirated and washed four times with the wash buffer. Substrate solution (200 l) was added and the plate was incubated for 30 min. Fifty microliters of stop solution were added and the optical density was determined using a microplate reader at wavelength 450 nm.
Chemicals. Candesartan was a generous gift from AstraZeneca (Wilmington, DE). CGP-42112A was synthesized by 21st Century Biochemicals (Marlboro, MA). Apocynin and all other chemicals were purchased from Sigma. Creatinine assay kit was purchased from BioVision. The NO/nitrite/nitrate and cGMP assay kit were obtained from R&D Systems (Minneapolis, MN).
Statistical analysis. Data are represented as means Ϯ SE. One-way ANOVA with Newman-Keuls multiple comparison post hoc test was used to compare variations within groups. Value of P Ͻ 0.05 was considered statistically significant. Fig. 2 , a bolus dose of the AT1 receptor antagonist candesartan (100 g/kg) produced a significant increase in UF (53.08 l/30 min), U Na V (0.3985 mol/min), and FE Na % (2.673) over the basal. Infusion of apocynin (3.5 g·kg Ϫ1 ·min Ϫ1 ), a NOX inhibitor, only modestly increased UF (27.77 l/30 min), U Na V (0.1916 mol/ min), and FE Na % (1.648); however, the increases are not significant over the basal (Fig. 3) . Preinfusion of apocynin did not change the net natriuretic/diuretic response to candesartan. Apocynin and candesartan together had an additive effect on UF (82.07 l/30 min), U Na V (0.7443 mol/min), and FE Na % (4.313) over the basal (Fig. 3) . Similar results were observed when apocynin was infused after candesartan (data not shown).
RESULTS

Effect of apocynin on candesartan-induced diuresis/natriuresis in SD rats. As shown in
Effect of apocynin on CGP-42112A-induced diuresis/natriuresis in SD rats. Intravenous infusion of CGP-42112A (1 g·kg Ϫ1 ·min Ϫ1 ), an AT2 receptor agonist, produced moderate increase in UF (29.97 l/30 min), U Na V (0.1537 mol/min), and FE Na % (1.449) over the basal; however, it was not statistically significant (Fig. 4) . As seen already, infusion of apocynin (3.5 g·kg Ϫ1 ·min Ϫ1 ) also did not cause significant increase in UF (16.90 l/30 min), U Na V (0.1475 mol/min), and FE Na % (1.880) over the basal (Fig. 5) . However, preinfusion of apocynin significantly increased the net diuretic/natriuretic effect of CGP-42112A. Apocynin and CGP-42112A together had a synergistic effect on UF (72.87 l/30 min), U Na V (1.142 mol/min), and FE Na % (7.862) over the basal, apocynin alone, and CGP-42112A alone in SD rats (Fig. 5) . Similar results were observed when apocynin was infused after CGP-42112A (data not shown).
Urinary nitrates and cGMP levels. Since AT2 receptor has been shown to be linked to NO/cGMP pathway leading to natriuresis/diuresis, we measured urinary nitrates and cGMP levels. The level of nitrates (nmol/min) increased modestly with apocynin (0.21) and CGP-42112A (0.51) alone; however, it was not significant over the basal. A combination of apocynin and CGP-42112A produced a significant increase in nitrate (0.73) levels over the basal (Fig. 6A) . Similarly, there was a significant increase (0.4304 mol/min) in the cGMP level over the basal (0.5442) when apocynin and CGP-42112A were given in combination (Fig. 6B) . Apocynin (0.08626) and CGP-42112A (0.1958) alone did not produce a significant increase in urinary cGMP level over the basal.
Blood pressure and GFR. There were no significant changes in the GFR with administration of candesartan, CGP-42112A, Fig. 2 . Candesartan (Cande)-induced diuresis and natriuresis in SpragueDawley (SD) rats. The dose of Cande was 100 g/kg iv bolus. The values in the bar graph are represented as means Ϯ SE. Student's t-test was used to compare the data within the group. The value of P Ͻ 0.05 was considered significant (n ϭ 5-10). *Significantly different from basal. FENa%, fractional excretion of Na; UNaV, urinary Na volume; GFR, glomerular filtration rate. (Figs. 2-5) . Also, administration of these drugs had no effect on blood pressure [mean arterial blood pressure (in mmHg): basal ϭ 86.13 Ϯ 4.14, candesartan ϭ 80.20 Ϯ 3.7; basal ϭ 86.83 Ϯ 2.1, apocynin ϭ 78.85 Ϯ 3.9, apocynin ϩ candesartan ϭ 72.33 Ϯ 2.3; basal ϭ 77.5 Ϯ 1.8, CGP-42112A ϭ 72.33 Ϯ 1.5; basal ϭ 80.44 Ϯ 6.3, apocynin ϭ 74.37 Ϯ 2.4, apocynin ϩ CGP-42112A ϭ 69.42 Ϯ 3.6]. These data suggest the tubular effect of the drugs. The tubular effect is further supported by the changes in the FE Na % as the results described above. These results are consistent with the earlier reports (11, 12, 18) .
DISCUSSION
The major findings of this study are that the natriuretic function of AT2 receptors is masked by NOX by decreasing the bioavailability of NO as a potential mechanism and there is no cross talk between NOX and AT1 receptors function on natriuresis and diuresis in SD rats.
Oxidative stress is mainly defined as an imbalance between rate of generation of ROS (superoxides, hydroxyl ion, peroxynitrite, and H 2 O 2 ) and the rate at which they are scavenged by the antioxidant enzymes (catalase, glutathione peroxidase, and superoxide dismutases) and other ROS scavengers such as uric acid and ascorbic acid (3, 29, 31) . It is agreed on that increased ROS production is deleterious to cells (1, 6) ; however, their baseline concentration is needed for normal functioning of the cells (4, 8) .
Growing bodies of evidence support the role of reninangiotensin system (RAS) in development of oxidative stress (10, 23, 25) . Prolonged ANG II infusion has been shown to increase renal cortical NOX activity (3, 25) . ANG II infusion develops a pressor response and mimics the pathological condition of ANG II-mediated hypertension (3, 25) . However, in our study, we investigated the role of NOX inhibition on AT1 and AT2 receptor-mediated natriuresis and diuresis in normal SD rats.
AT1 and AT2 receptors are reported to be expressed in the various kidney parts, including in the proximal tubules, which is the site of major Na reabsorption (12, 21, 27) . In the present study, inhibition of AT1 receptors by candesartan or selective activation of AT2 receptors by CGP-42112A caused natriuresis. However, the natriuresis produced by CGP-42112A was not significant over the basal. The less natriuretic response to AT2 receptor activation compared with AT1 receptor activation can be attributed to either low renal AT2 receptor density (5, 15) or to masking effect of NOX on AT2 receptor function as determined in the present study.
It is worth mentioning that apocynin was used as NOX inhibitor in the study; however, some other studies showed its antioxidant activity (14, 32) . The inhibitory role of apocynin is well-documented demonstrating that it prevents the translocation of p47phox, NOX cytosolic subunit, to the membrane reducing its assembly with the membrane-bound NOX subunits, gp91phox and p22phox, and thus inhibits NOX activity (29) . Whatever property apocynin may have, NOX inhibitor vs. antioxidant activity, the present study clearly demonstrates that reducing baseline ROS levels significantly impacts AT2 receptor function. The present study also demonstrated that apocynin alone produces a certain degree of natriuresis/diuresis indicating an independent role of ROS on Na and fluid homeostasis. This finding is in agreement with another study supporting the natriuretic role of NOX by showing a dosedependent increase in Na excretion with apocynin (18) . The mechanism for this was attributed to an increase in GFR due to release of NO with apocynin (18) . However, in our study, we did not observe any significant increase in NO with apocynin infusion, and also the GFR remained unchanged. The difference between our study and the study by Lopez et al. (18) could possibly be due to the low dose of apocynin, used by us.
The response of candesartan on natriuresis did not change by NOX inhibitor. Studies supported that during pathological conditions, activation of AT1 receptors increases NOX activity (3, 7, 19) . Had there been any relationship between AT1 receptors and NOX in these SD rats the natriuretic response of NOX alone should have been comparable to that of candesartan. This suggests that under normal physiological conditions, NOX may not be a part of AT1 receptor signaling leading to antinatriuresis. However, during pathological conditions, it may be the higher AT1 receptor function in response to elevated ANG II concentration which links RAS to oxidative stress. Selective activation of the AT2 receptor by the agonist CGP-42112A while NOX was inhibited, to our surprise, produced a tremendous increase in UF, U Na V, and FE Na % over the basal. The mechanism behind this increase in renal function by a combination of CGP-42112A and apocynin at present is not clear. However, it can be speculated that there is a certain interaction between the downstream signaling molcules, which amplifies the net urinary Na out-put.
The superoxide radicals are reported to quickly quench the NO molcules and convert them to peroxynitrite (22, 24, 26) . The NO is known to inhibit various Na transporters in the proximal tubules with a potential to regulate urinary Na excretion (16, 17) . Several studies including from our laboratory showed that CGP-42112A via AT2 receptors activates NO/ cGMP pathway leading to an increase in urinary Na excretion (2, 9, 11, 20, 28, 33) . Considering these findings, we measured the total nitrate (as an index of NO levels) and cGMP excreted in urine, in response to apocynin and CGP-41221A infusion alone or in combination, as a potential mechanism of enhanced AT2 receptor-mediated natriuresis in the presence of NOX inhibitor apocynin. The total nitrate and cGMP significantly increased over the basal when apocynin and CGP-42212A were administered together. However, the increase in total nitrate and cGMP levels was not synergistic as we observed with Na. Although reasons are not clear why we did not see a similar response with nitrate/cGMP, a plausible explanation for this could be that systemic administration of these drugs to some extent could have caused NO/cGMP release from the vasculature which might have masked the tubular NO/cGMP release affecting the net urinary nitrate and cGMP excretion pattern. On the other hand, the changes in Na excretion in response to drugs are a tubular effect as suggested by an increase in FE Na % without any changes in GFR or blood pressure. Also, certain threshold increase in NO-cGMP could have been enough to synergistically amplify the AT2 receptor signal leading to inhibition in Na transport and promoting natriuresis.
Considering these studies, it may be proposed that in pathological conditions where there is increased oxidative stress, lesser bioavailability of NO will decrease AT2 receptor-mediated natriuresis leaving AT1 receptor-mediated antinatriuresis unopposed. This might increase Na retention-shifting pressure natriuresis contributing to hypertension. On the other hand, inhibition or lowering of NOX activity can lead to beneficial effects of AT2 receptors like cell proliferation, vasorelaxation, and natriuresis.
In summary, we found that NOX inhibitor causes synergistic effect on AT2 receptor-mediated natriuresis/diuresis in SD rats, suggesting a potential interaction between AT2 receptor and NOX. Such interaction appears to be at the level of reactions between NO and superoxide reducing NO bioavailability and thereby regulating renal tubular Na reabsorption. To our knowledge, this is the first report suggesting a potential role of NOX via reducing AT2 receptor function in tubular Na reabsorption/excretion and blood pressure control.
Perspectives
Present studies demonstrate the beneficial role of inhibition of NOX and selective activation of renal AT2 receptors on natriuresis and diuresis. In management of pathological conditions like hypertension and renovascular diseases, AT1 receptor blockers (ARBs) are preferentially used. Considering that AT1 receptors activate ROS during pathological conditions, ARBs will bring the ROS activity down. On the other hand, ARBs can lead to unopposed action of ANG II on AT2 receptors. So, the present study supports the notion that it is not only blocking of AT1 receptors rather it is activation of AT2 receptors which brings about the beneficial changes during pathological conditions.
